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Abstract 

Background: Characterisation of the specific antibody response, including the epitope binding pattern, is an 
essential task for understanding the molecular mechanisms of food allergy. Examination of antibody formation in a 
controlled environment requires animal models. The purpose of this study was to examine the amount and types 
of antibodies raised against three cow's milk allergens; /S-lactoglobulin (BLG), a-lactalbumin (ALA) and /S-casein upon 
oral or intraperitoneal (i.p.) administration. A special focus was given to the relative amount of antibodies raised 
against linear versus conformational epitopes. 

Methods: Specific antibodies were raised in Brown Norway (BN) rats. BN rats were dosed either (1) i.p. with the 
purified native cow's milk allergens or (2) orally with skimmed milk powder (SMP) alone or together with gluten, 
without the use of adjuvants. The allergens were denatured by reduction and alkylation, resulting in unfolding of 
the primary structure and a consequential loss of conformational epitopes. The specific lgG1 and IgE responses 
were analysed against both the native and denatured form of the three cow's milk allergens, thus allowing 
examination of the relative amount of linear versus conformational epitopes. 

Results: The inherent capacity to induce specific IgGI and IgE antibodies were rather similar upon i.p. administration 
for the three cow's milk allergens, with BLG = ALA > /3-casein. Larger differences were found between the allergens 
upon oral administration, with BLG > ALA > /3-casein. Co-administration of SMP and gluten had a great impact on the 
specific antibody response, resulting in a significant reduced amount of antibodies. Together results indicated that most 
antibodies were raised against conformational epitopes irrespectively of the administration route, though the relative 
proportions between linear and conformational epitopes differed remarkably between the allergens. 

Conclusions: This study showed that the three-dimensional (3D) structure has a significant impact on the antibodies 
raised for both systemic and orally administered allergens. A remarkable difference in the antibody binding patterns 
against linear and conformational epitope was seen between the allergens, indicating that the structural characteristics 
of proteins may heavily affect the induced antibody response. 
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Introduction 

Food allergy is a major health problem of growing con- 
cern in Western countries [1-4]. The mechanisms 
underlying IgE-mediated allergy are only poorly resolved. 
An understanding of the basic molecular mechanisms 
involved in the induction of food allergy is based on the 
knowledge about the antibody binding sites on the aller- 
gens, the epitopes. Understanding the nature of IgE in- 
ducing epitopes will elucidate how allergenic potential 
relates to protein structure. This is likewise the "breed- 
ing ground" for development of new diagnostic, prophy- 
lactic as well as therapeutic strategies for food allergy. 
Antibody epitopes are divided into linear and conform- 
ational epitopes, based on the proximity of the amino 
acids in the primary sequence of the protein that are in- 
volved in antibody binding. Epitopes constituted of a con- 
tinuous stretch of amino acids are designated linear 
epitopes, while epitopes constituted of amino acids distant 
from each other in the primary structure but brought to- 
gether by the secondary, tertiary or quaternary folding of 
the protein are designated conformational epitopes [5,6]. 
Antibody binding epitopes are generally thought to be 
conformational in nature [7-10]. Yet for food allergens, by 
far most linear epitopes have been identified and a par- 
ticular importance for this type of epitopes has been sug- 
gested in the IgE-mediated food allergic disease [11]. 

The three-dimensional (3D) structure defines the amino 
acid residues on the surface of an allergen available for 
antibody binding. Thus the accessibility of a given epitope 
may greatly be influenced by the structural folding of the 
allergen. Food allergens possess different protein chemical 
properties and thus differ in their structural stability. The 
microenvironment, such as pH, ionic strength, binding to 
other molecules and/or the state of breakdown, may affect 
this stability, thus to various degree depending on the al- 
lergen. Such environmental changes take place during the 
digestive process in the gastrointestinal (GI) tract and 
greatly affect the folding of the allergen and hence the 
shape in which the allergen is presented to the immune 
system. Thereby the passage through the GI tract may 
have a huge impact on the number and type of epitopes 
accessible for antibody binding. 

In order to study formation of antibodies directed 
against food allergens in a controlled environment, animal 
models are needed. Various animal models for food allergy 
exist, differing in the choice of administration route, use of 



adjuvant and whether the allergen is administered alone or 
as part of a whole food. The impact of such choices on the 
specificities of the antibodies raised is not fully resolved. 

Cow's milk allergy (CMA) is the most common type of 
IgE-mediated food allergy in young children, affecting 
around 2.5% of children below the age of 3 years [12,13]. 
Cow's milk contains around 20 proteins able to induce 
IgE-mediated allergy [14], of which 10 are reported in 
the official Allergen Nomenclature Database from the 
World Health Organization and International Union of 
Immunological Societies (WHO/IUIS) (www.allergen.org). 
/Mactoglobulin (BLG) officially designated Bos d 5, a-lact- 
albumin (ALA) officially designated Bos d 4 and caseins, 
officially designated Bos d 8, are the most important and 
major cow's milk allergens [15]. These allergens possess 
different protein chemical features, some of which may in- 
fluence their allergy-inducing capacity in quantity as well 
as quality, such as structural stability to processing, in- 
cluding digestion [15-18]. 

The aim of this study was to investigate the relative 
importance of linear versus conformational antibody epi- 
topes of the three cow's milk allergens; BLG, ALA and 
/S-casein. Denaturation of proteins will result in the 
unfolding of the native allergen structure. Thus the linear 
epitopes are maintained but there is a consequential loss 
of conformational epitopes [16]. Hence the relative ratio 
of linear and conformational antibody binding epitopes 
can be identified by measuring the decrease (or increase) 
in the antibody binding upon loss of the native 3D struc- 
ture due to the denaturation process [6]. We have taken 
the advantages of this approach to compare the binding 
capacity against native and denatured BLG, ALA and /?- 
casein of IgGl and IgE antibodies raised in Brown Norway 
(BN) rats dosed either i.p. or orally. Further we aimed to 
study the influence of co-administration with other pro- 
teins on the amount of antibody raised in the BN rats. 

Materials and methods 

Allergens 

BLG was from a pilot batch purified and kindly delivered 
by Aria Food Ingredients (Videbaek, Denmark), ALA 
(61289, Fluka, Sigma, St. Louis, MO, USA) and y8-casein 
(C6905, Sigma) was from Sigma. The protein content 
and characteristics of these three cow's milk proteins are 
summarised in Table 1. Skimmed milk powder (SMP) 
(70166 Fluka, Sigma) and wheat gluten (G5004, Sigma) 



Table 1 Characteristics of the three cow's milk allergens: BLG, ALA and j3-casein 

Source Allergen 3 Amount in Size (kDa) a,b Cysteins b Disulfide Stability to Importance of 

cow's milk (%) b bonds' 1 digestion" 1 the allergen a b 

Whey BLG (Bos d 5) 10 18.3 5 2 Yes Major 

ALA (Bos d 4) 5 14.2 8 4 No Major 

Caseins /3-casein (Bos d 1 1) 28 23.6 0 0 No Major 



a www.allergen.org, [19], b [15], c [18]. 
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were likewise from Sigma. The protein content of BLG, 
ALA and y8-casein in SMP is equivalent to cow's milk 
(Table 1). 

Denaturation of allergens 

Samples of the three individual cow's milk allergens; BLG, 
ALA and /?-casein as well as samples of digoxigenin- 
coupled BLG and ALA were concentrated by evaporation 
in SpeedVac. A solution of 6 M guanidine-HCl (G4505, 
Sigma), 0.5 M Tris-HCl (A1087.1000, AppliChem, 
Darmstadt, Germany) and 0.01 M. The EDTA concentra- 
tion is 0.01 M (1.08418, Merck, Darmstadt, Germany) pH 
8.6 was added to the allergens to obtain an allergen con- 
centration of 5 mg/mL. Subsequently dithiothreitol (DTT, 
D0632, Sigma) was added to a final concentration of 0.1 M 
and the solutions were saturated with argon, capped and 
incubated for 2 h at 50°C. Iodoacetamide (11149, Sigma) di- 
luted in 0.5 M Tris-HCl, pH 8.6 was added to the solution 
to give a final concentration of 0.24 M. After incubation 
for 30 min at room temperature (RT) 2-mercaptoethanol 
(M7522, Sigma) was added to give a concentration of 
2.4 M. Lastly, the solutions were placed in dialysis- 
tubes with a pore size of 6-8 kDa (Spectra/PorT>ialysis 
Membrane MWCO: 6-8000, Spectrum Laboratories, Inc., 
Rancho Domingues, CA, USA), and dialysed against PBS 
(137 mM NaCl, 3 mM KC1, 8 mM Na 2 HP0 4 , 1 mM 
KH 2 P0 4 , pH 7.2) for three days at 4°C and afterwards 
stored at -20°C until further use. 

Native PAGE 

To test the degree of modification of BLG, ALA and />- 
casein, a native gel electrophoresis was performed using 
a Criterion TGX Tris-HCl Leammli-like 10-20% gel 
(567-1113, Bio-Rad, Hercules, CA, USA). Native and de- 
natured samples of the three allergens (-2-5 ug), diluted 
in native sample buffer (161-0738, Bio-Rad) were loaded 
into the gel. Gel electrophoresis was performed in Tris/ 
Glycine running buffer (161-0734, Bio-Rad) diluted 1:10 
(v:v) in double distilled water for 55 min at 200V con- 
stant current at RT. Staining was performed with Bio- 
Safe™ Coomassie (161-0786, Bio-Rad) for 1 h at RT. The 
gel was photographed using Universal Hood Gel-imager 
(Bio-Rad, Segrate, Milan, Italy) and the program Quality 
One. 

Circular dichroism (CD) 

Far-UV CD spectra (200-250 nm) were recorded at 20°C 
in a 1 mm quartz cuvette on a JASCO J815 CD spectrom- 
eter (Jasco corporation, Tokyo, Japan) equipped with 
Peltier thermostatted cell holder. Protein samples were 
prepared in PBS (137 mM NaCl, 3 mM KC1, 8 mM 
Na 2 HP04, 1 mM KH 2 P04, pH 7.2). Final protein concen- 
trations were 0.5 mg/ml for ALA and BLG, and 0.25 mg/ml 
for /3-casein. Spectra (10 accumulations for each sample) 



were acquired at scan rate of 50 nm/min with a response 
time of 2 seconds. For each sample 10 scans were re- 
corded and averaged. Buffer (PBS) spectrum was re- 
corded under the same conditions and subtracted from 
the sample spectra. Protein concentration in each CD 
sample was determined by UV absorbance at 280 nm. 
Extinction coefficients at 280 nm were calculated based 
on amino acid sequence using ProtParam online tool 
[20]. CD signal is reported as mean residue molar ellipti- 
city (deg*cm 2 *dmor 1 ). 

Animals 

At an age of three weeks, BN rats from our in-house 
breeding colony (National Food Institute, Technical Uni- 
versity of Denmark, Denmark) were weaned. They were 
housed in macrolon cages (2-3 per cage), with a 12 hour 
light:dark cycle, at a temperature of 22 ± 1°C and a rela- 
tive humidity of 55 ± 5%. Rats were observed twice daily 
and clinical signs were recorded. Rats were kept on a 
diet free of milk and wheat for at least three generation 
to avoid tolerance to the studied allergens. Diet and 
acidified water (pH 3.5) were given ad libitum. Animal 
experiments were carried out at the National Food Insti- 
tute facilities. Ethical approval was given by the Danish 
Animal Experiments Inspectorate and the authorisation 
number given 2009/561-1710. The experiments were 
overseen by the National Food Institutes in-house Ani- 
mal Welfare Committee for animal care and use. 

I. p. study with purified native BLG, ALA and /3-casein 

To study the specific antibody response raised against 
the native purified intact allergens, BN rats 4-9 weeks of 
age were allocated into three groups of 12 rats (n = 6 per 
sex). Rats were immunised i.p. three times with 200 ug 
of purified intact BLG, ALA or yS-casein in PBS at day 0, 
14 and 28. One week after the last immunisation rats 
were sacrificed and blood was collected. See Figure 1A 
for an overview of the animal experimental design. 

Feeding study with SMP 

For examination of the specific antibody response against 
BLG, ALA and yS-casein as part of a whole food and by 
means of the oral route, BN rats were dosed by gavage 
with SMP. To study the influence of the presence of add- 
itional proteins another group of BN rats were dosed by 
gavage with SMP together with wheat gluten. Female rats 
6-10 weeks of age were allocated into two groups of 10 
rats and dosed by gavage each day for 49 days with 0.5 mL 
per rat per day of either SMP (~60 mg protein) alone sus- 
pended in corn oil or with SMP (-60 mg protein) together 
with wheat gluten (-20 mg) suspended in corn oil. One 
week after the last dosing rats were sacrificed and blood 
collected. See Figure IB for an overview of the animal ex- 
perimental design. 
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Figure 1 Overview of the animal experimental designs. (A) BN rats, 12 per group, were immunised i.p. with purified native intact BLG, ALA or 
/3-casein three times day 0, 14 and 28 without the use of adjuvant. Rats were sacrificed one week after last immunisation at day 35. (B) BN rats, 
10 per group, were immunised by gavage each day for seven weeks with SMP alone or SMP together with wheat gluten without the use of 
adjuvant. Rats were sacrificed one week after last immunisation at day 56. 



Indirect ELISA for detection of BLG, ALA and /3-casein 
specific IgGI 

In order to test the specific IgGI response to native as well 
as denatured BLG, ALA and /3-casein, indirect ELISAs 
were performed. Maxisorp microtitre plates (96-well, 
Nunc, Roskilde, Denmark) were coated with 100 uL/well 
of 10 ug/mL of allergen diluted in coating buffer (15 mM 
Na 2 C0 3 , 35 mM NaHC0 3 , pH 9.6) and incubated over- 
night at 4°C. Plates were washed five times between each 
step in PBS with 0.01% Tween 20 (PBS-T). For /3-casein 
only, plates were blocked with 200 uL/well of 1% 
ovalbumin (A-5503, Sigma) in PBS-T (w:v) for 1 h at 
37°C. Two-fold serial dilutions of serum (starting at 1:8, 
v/v) in PBS-T, 50 uL/well, were added and incubated for 1 
h at RT. For detection, 50 uL of HRP-labelled mouse-ct- 
rat IgGI (3060-05, Southern Biotech, Birmingham, AL, 
USA) diluted 1:20,000 (v:v) in PBS-T was added to each 
well and incubated for 1 h at RT. For visualisation of the 
specific antibody response, 100 uL/well of 3,315,5-tetra- 
methylbenzidine (TMB)-one (4380 A, Kem-En-Tec Diag- 
nostic, Tastrup, Denmark) was added to each well and 
incubated at RT for approximately 12 min, where reaction 
was stopped by adding 100 uL/well of 0.2 M H 2 S0 4 . Ab- 
sorbance was measured at 450 nm with a background ref- 
erence at 630 nm using a microtitre reader (EL 800, 
BioTek, Winooski, VT, USA). Data are expressed as Log2 
titre values and defined as the interpolated dilution of 
the given serum sample leading to the mean absorbance 
for the negative control serum sample +3 SD, corre- 
sponding to cut off values of 0.1 for BLG and /3-casein 
and 0.15 for ALA. 

Antibody-capture ELISA for detection of BLG, ALA and 
j3-casein-specific IgE 

In order to test the specific IgE responses to native BLG, 
ALA and /3-casein and denatured BLG and ALA, 
antibody-capture ELISAs were performed. The amount 
of specific IgE antibodies only account for a small frac- 
tion of the total sum of specific antibodies, for which 
reason an antibody-capture ELISA is a far more sensitive 



choice than an indirect ELISA for most allergens. The 
ELISAs were performed with native or denatured 
digoxigenin-coupled BLG, native or denatured digoxigenin- 
coupled ALA and digoxigenin-coupled /3-casein essentially 
as described in B0gh et al. [21]. ELISAs were not per- 
formed with denatured digoxigenin-coupled /3-casein due 
to shortness of the /3-casein source. Data are expressed as 
Log2 titre values and defined as the interpolated dilution 
of the given serum sample leading to the mean absorbance 
for the negative control serum sample +3 SD, correlating 
to cut off values of 0.4 for native BLG, 0.2 for native and 
denatured ALA and /3-casein and 0.15 for denatured BLG. 

Statistical analysis 

ELISA results expressed as Log2 antibody titres were ex- 
amined for group differences, using the non-parametric 
one-way ANOVA, Kruskal-Wallis test, followed by 
Dunn's multiple comparison of three or more groups. 
For comparison of two groups the non-parametric 
Mann-Whitney test was used. Differences between 
groups of animals were regarded as significant when P < 
0.05. Asterisks indicate a statistically significant differ- 
ence between two given groups: * = P < 0.05, ** = P <, 0.01, 
and P< 0.001 

Results 

Immunogenic and sensitising potency of BLG, ALA and 
/3-casein 

The cow's milk allergen-specific IgGI and IgE responses 
raised in rats administered either i.p. with the purified 
native intact allergens or orally by gavage with SMP 
were evaluated by means of ELISAs. Results indicated 
that the inherent immunogenicity as well as sensitising 
capacity differed only slightly between the three cow's 
milk allergens (Figure 2 A and C). BLG and ALA were 
shown to induce a similar but somewhat higher IgGI 
and IgE antibody response than /3-casein when adminis- 
tered i.p. in identical amounts (BLG = ALA > /3-casein). 
Furthermore the /3-casein differed from BLG and ALA 
by showing a much greater variation in the specific IgGI 
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Figure 2 Immunogenicity and sensitising capacity of the cow's milk proteins. The titre levels of the specific antibodies raised in rats dosed 
i.p. or orally with cow's milk proteins. (A) BLG (•), ALA (■) or /3-casein (A)-specific IgGI responses for rats immunised i.p. three times at an 
interval of 14 days with either BLG, ALA and /3-casein, respectively, without the use of adjuvant. (B) BLG (•), ALA (■) and /3-casein (A)-specific 
IgGI responses for rats dosed orally by SMP each day for seven weeks without the use of adjuvant. (C) BLG (•), ALA (■) and /3-casein (A)-specific 
IgE responses for rats immunised i.p. three times at an interval of 14 days with either BLG, ALA or /3-casein without the use of adjuvant. (D) BLG 
(•), ALA {■) and /3-casein (A)-specific IgE responses for rats dosed orally by SMP each day for seven weeks without the use of adjuvant. 



response between individual rats. Administration of al- 
lergens by the oral route resulted in specific antibody 
titre levels which differed more between the three cow's 
milk allergens than did the i.p. administration. The high- 
est IgGI response was found for BLG followed by ALA 
and /3-casein (BLG > ALA > /3-casein). The immunogen- 
icity of ALA was reduced compared to BLG when the 
administration route was changed from i.p. to oral 
(Figure 2A and B). This variation in the induced im- 
munogenicity cannot solely be a result of the various 
amount of the three cow's milk allergens present in 
SMP, as /3-casein are the one present in largest amount 
but still the one showing the lowest immunogenicity. 
The sensitising capacity of the three cow's milk allergens 
after oral administration was reduced compared to the 
sensitising capacity obtained after i.p. immunisation, 
with only one measurable IgE responder for both ALA 
and /3-casein, and four for BLG (Figure 2D). Overall 
these results indicate that the choice of administration 
route may heavily influence the amount of specific anti- 
bodies raised and thereby the interpretation of the 



difference in immunogenicity as well as sensitising po- 
tency between various allergens. Hence, the site of pres- 
entation to the immune system as well as the digestion 
in the GI tract may greatly affect the quantity of specific 
antibodies induced. 

The impact of immunising SMP together with gluten 
proteins 

To study the effect of co-administration with other pro- 
teins on the allergen-specific immune response, BN rats 
were in addition to SMP alone dosed with SMP together 
with gluten proteins. From Figure 3 it is clearly shown 
that co-administration of SMP together with gluten pro- 
tein influences the immunogenicity as well as the sensi- 
tising capacity of the three cow's milk protein. For all 
three allergens the specific IgGI response was reduced 
when SMP was administered together with gluten com- 
pared to SMP alone, and for /3-casein the specific re- 
sponse was completely abrogated. This indicates that the 
immune response directed against one protein can be af- 
fected by other proteins. 
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Figure 3 Impact of co-administration with gluten. Comparison of the specific antibody responses between rats dosed orally with SMP alone 
or with SMP together with gluten proteins. (A) BLG (•), ALA (■) and /3-casein (A)-specific IgGI responses and (B) BLG (•), ALA (■) and /3-casein 
(A)-specific IgE responses. 



Degree of cow's milk allergen denaturation/modification 

Unfolding of the three cow's milk allergens was per- 
formed by reduction and alkylation. The degree of struc- 
tural modification resulting from the denaturation 
procedure can be elucidated by electrophoresis in native 
gels performed without reducing agents, as the protein mo- 
bility will largely depend on the protein shape. Though the 
native PAGE is not an absolute measure of changes in 
shape, it appears from the native gel that BLG has been 
subjected to the largest structural changes. BLG emerged 



as two sharp bands in native form, whereas the denatured 
BLG emerged as one wider band with reduced motility 
(Figure 4A). ALA appeared with similar motility for native 
and denatured state, though the denatured band was wider 
and more diffuse. In contrast, the native and denatured 
form of /?-casein had very similar appearance in the gel. 

For further evaluation of the extent of structural 
changes achieved by reduction and alkylation, the sec- 
ondary structure of the native and reduced and alkylated 
proteins was analysed by far-UV CD (Figure 4B-D). The 
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Figure 4 Protein modifications induced by the denaturation process. Native PAGE for native (N) and denatured (D) BLG, ALA and ^-casein 
(A) and CD spectra of BLG (B); ALA (C) and /3-casein (D) in native (solid line) and denatured (dashed line) states. All spectra were recorded in PBS 
buffer at 20°C in a 1-mm quartz cuvette. 
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native state of BLG exhibits a typical spectrum of a pro- 
tein with predominantly /3-sheet structure and a low hel- 
ical content, which is characterised by a broad minimum 
around 215 nm and slight shoulder around 210 nm. 
(Figure 4B). The spectrum of reduced and alkylated 
BLG has a distinct shape with a minimum at 207 nm. 
The observed shift of the peak position from 215 nm to 
207 nm indicates an increase in the amount of unfolded 
conformations. The native ALA produces a classical 
helical CD spectrum with two broad negative peaks at 
222 and 208 nm (Figure 4C). The reduced and alkylated 
ALA exhibits a negative peak at 204 nm and a shoulder 
around 225 nm, which is indicative of largely unfolded 
protein albeit with some degree of residual secondary 
structure. In contrast to BLG and ALA, CD spectrum of 
the native /S-casein is not significantly different for the 
spectrum of the reduced and alkylated form of the pro- 
tein (Figure 4D). Both forms of /S-casein show major 
peak at 204 nm and a shoulder around 230 nm, which 
are the spectral features of proteins lacking a well- 
defined secondary structure. The reduce and alkylated 
y3-casein shows a slight increase in the depth of the 
trough at 204 nm as compared to the native y3-casein, 
but this subtle difference is difficult to interpret in terms 
of changes in protein conformation. Together these re- 
sults clearly demonstrate that especially BLG and ALA 
have been subjected to large structural modifications 
from the denaturation process, whereas the extent of 
structural changes for yS-casein are difficult to interpret, 
probably due to the unstructured and flexible folding of 
the native form of this protein. 

Linear versus conformational epitope recognition 
patterns of cow's milk allergens 

In order to compare the reactivity of cow's milk allergen- 
specific antibodies against linear and conformational epi- 
topes, sera from rats dosed either with the purified native 
allergens i.p. or with SMP by gavage were analysed for 
binding reactivity against both the native and denatured 
allergens in ELISAs. Denaturation of proteins lead to a 
loss of the 3D folding and thereby a consequential loss of 
conformational epitopes. Irrespective of the cow's milk 
allergen and administration route (i.p. versus oral) a re- 
duction in antibody binding capacity was evident for de- 
natured compared to the native allergens (Figure 5). This 
shows that for all three cow's milk allergens, regardless of 
the administration route, conformational epitopes are of 
importance. However, the proportion of antibodies react- 
ing with the denatured allergen (i.e. linear epitopes) and 
antibodies reacting with the native allergen (i.e. linear as 
well as conformational epitopes) differed remarkably be- 
tween the three cow's milk allergens. 

For BLG a statistically significant higher IgGl antibody 
response could be observed against the native compared 



to denatured allergen, regardless of rats been dosed i.p. 
or orally (Figure 5A). Based on the mean serum dilution 
factor (2 tltre value ) giving a specific response for each 
group of rats in ELISA, the BLG-specific IgGl results 
showed an approximate ratio between linear and con- 
formational epitopes of 1:16 for i.p. and an approximate 
ratio of 1:12 for oral administration. A similar pattern 
was seen for specific IgE, where an even higher propor- 
tion of the antibodies seemed to be raised against con- 
formational epitopes, as a ratio of 1:23 in linear versus 
conformational epitopes was indicated after i.p. sensitisa- 
tion with BLG (Figure 5D). 

For ALA the vast majority of antibodies were raised 
against conformational epitopes upon administration by 
i.p. route. ALA-specific IgGl results showed an approxi- 
mate ratio of 1:59 for linear vs. conformational epitopes 
(Figure 5 B), whereas ALA-specific IgE results indicated 
that IgE antibodies were only raised against conform- 
ational epitopes, as no binding to denatured ALA was 
detected (Figure 5E). This indicates that ALA primarily 
induces antibodies against conformational epitopes when 
presented to the immune system in its native state. In 
contrast to BLG, a huge reduction in the importance of 
conformational epitopes were seen when ALA were ad- 
ministered by the oral route and thereby presented to 
the rat immune system after exposure to the acidic and 
proteolytic environment in the GI tract. When adminis- 
tered orally, conformational epitopes were still found to 
be in excess, however the approximate ratio of linear vs. 
conformational epitopes was now reduced to 1:7 for 
IgGl. This indicates that for ALA the epitope recogni- 
tion profile is greatly influenced by the administration 
route. 

In contrast to BLG and ALA, yS-casein showed a much 
greater importance of linear epitopes (Figure 5C). The 
antibody reactivity against the native and denatured 
yS-casein differed only by one titre value, indicating that 
approximately half of all yS-casein specific antibodies were 
raised against conformational epitopes and the other half 
against linear epitopes. Similarly to BLG, the importance 
of conformational epitopes seemed not to differ between 
the two administration routes showing an approximate ra- 
tio of linear vs. conformational epitopes of 1:1. 

The proportion of antibodies directed against linear and 
conformational epitopes in individual rats differed greatly 
demonstrating the heterogeneity of antibody responses in 
rats. Whereas all rats, independent on the administration 
route, raised the greatest amount of antibodies against 
conformational BLG epitopes compared to linear BLG 
epitopes, a single rat recognised the denatured ALA better 
than the native ALA when administered by oral route, 
and for yS-casein several rats reacted with the greatest re- 
sponse against the denatured yS-casein compared to native 
y3-casein, demonstrating a greater importance of just linear 
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epitopes compared to conformational epitopes for these 
rats (data not shown). 

Discussion 

When studying food allergens, characterisation of the 
specific antibody response is important. To understand 
how allergenic potential relates to the protein structure 
we have examined the amount and types of antibodies 
raised against three cow's milk allergens, with reference 
to their reactivity to the native and denatured form of 
the allergen. 

Animal models have been used to study the immuno- 
genicity and allergenicity of various food allergens, using 
various routes of administration with purified proteins 
or whole foods, with or without the use of adjuvant 



[22,23]. In this study we used BN rats. The BN rat is a 
high Ig, particularly IgE-responder strain which to a cer- 
tain degree resembles atopic humans in their predispos- 
ition to develop IgE-mediated allergy [24]. Moreover, it 
is an animal strain regarded as a useful model for study- 
ing sensitisation to food proteins [25,26], since it gener- 
ates IgG and IgE antibodies of similar protein specificity 
[24,25] as well as similar epitope specificity [27,28] to 
those produced in humans. The inherent capacity of the 
three cow's milk allergens to induce a specific IgGi and 
IgE response following systemic (i.p.) administration 
showed only minor differences. All three allergens in- 
duced high antibody titres, though y8-casein induced a 
little lower mean antibody titre than BLG and ALA, due 
to a large variance in its immunogenicity and sensitising 
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capacity between individual rats. In the context of food 
allergy, oral administration is the most appropriate route 
of exposure as this is considered to be the primary route 
of sensitisation [18,22,29,30]. A greater variation in the 
immunogenicity between the three cow's milk allergens 
was seen upon oral administration compared to i.p. ad- 
ministration. Whereas BLG was able to induce a specific 
IgGl response in all rats, only 6 out of 10 rats responded 
to ALA and 5 out of the 10 rats to /3-casein after oral ad- 
ministration. This could indicate that the inherent im- 
munogenic capacity of food allergens may be modulated 
by the modifications resulting from the acidic and pro- 
teolytic environment in the GI tract and the way in 
which they are presented to the immune system. The 
specific antibody responses upon oral administration 
correlate well with the susceptibility of the three cow's 
milk allergens to digestion. BLG has been demonstrated 
to be a protein resistant to digestion in contrast to both 
ALA and y8-casein that are easily digestible proteins [18], 
probably resulting in a lower chance for ALA and /3-casein 
than BLG to survive the digestion process in the GI tract 
and survive in a form retaining enough structure and size 
to be recognised by the immune cells of the inductive im- 
mune system. Even fewer rats produced IgE upon oral ad- 
ministration, illustrating the challenge of studying food 
allergy by oral route without the use of adjuvant. 

Foods consist of fats, carbohydrates, proteins and micro- 
nutrients, which may all affect the immunogenic and aller- 
genic potential of allergens [31]. There is however no 
general rule concerning how different proteins are affected 
by other food components [16]. Co-administration of the 
cow's milk proteins together with wheat gluten resulted in 
a decreased immunogenicity of BLG and ALA and an 
abrogation of the immunogenicity of y3-casein by oral ad- 
ministration. This clearly demonstrated that the immuno- 
genicity and allergenicity of a given protein may be 
affected by the presence of other proteins and that the 
choice of immunising with a purified protein or with 
the protein as part of a whole food may greatly influ- 
ence the resulting outcome and the frequency of animal 
responders. The immunemodulatory capacity of gluten 
could be a result of several factors. In a study by Kato 
et al. [32] it was demonstrated that co-administration of 
ovomucoid with wheat gluten resulted in formation of 
high-molecular weight complexes leading to aggregation 
and insolubility of ovomucoid. Binding of the cow's milk 
allergens to the wheat gluten proteins could similarly re- 
sult in a decreased solubility and hence availability of 
the proteins for interaction with the immune system 
[33]. A decrease in allergenicity has been shown for 
BLG after binding to other proteins [34]. Another ex- 
planation may be that gluten contains some immuno- 
modulatory properties, as accumulating data suggest 
that food proteins may act as adjuvant and directly 



activate the innate immune system [35,36]. This pro- 
vides the possibility that the gluten proteins contain 
properties suppressing a Th2 screwed response. 

Disruption of the allergen structure by denaturation 
results in unfolding of the protein and thereby loss of 
the original structural organisation. As a consequence 
conformational epitopes will be lost while linear epitopes 
are still present. Therefore, studying the differences in 
antibody responses against denatured and native forms 
of allergens, allows for investigation of the approximate 
proportion between linear and conformational epitopes. 
Thus, to evaluate the proportion of antibodies raised 
against linear versus conformational epitopes of the 
three cow's milk allergens by means of i.p. and oral ad- 
ministration a comparison of antibody reactivity against 
the denatured and native allergens was performed. For 
all three allergens, irrespectively of the administration 
route, a reduced (or even eliminated) reactivity to the 
unfolded allergens compared against the native allergens 
was revealed. This clearly shows the importance of the 
3D structure and thus the very importance of conform- 
ational epitopes. Whether these findings can be directly 
translated into the human situation needs to be deter- 
mined, but is in line with the recent growing body of 
evidence supporting a significant role from conform- 
ational epitopes in food allergy [18,28,37-46]. The rela- 
tive importance of linear and conformational epitopes 
differed remarkably between the three cow's milk aller- 
gens. From the i.p. immunisation study it was demon- 
strated that antibodies raised against native ALA had the 
greatest dependency of the 3D structure, followed by 
BLG. In contrast, yS-casein raised antibodies reactive to 
linear and conformational epitopes, in approximately 
equal amounts. The enormous difference in binding pat- 
tern to epitope type between the three allergens could 
reflect their differences in structure, where both BLG 
and ALA are small structurally stable and compact pro- 
teins possessing two and four disulfide bonds, in con- 
trast to /3-casein which is regarded an unstructured and 
flexible protein [15]. 

Dosing animals by the oral route, the relative amount 
of linear versus conformational epitope was shown to be 
the same as for i.p. immunisation for BLG as well as for 
yS-casein. In contrast, the amount of conformational epi- 
topes was strongly reduced for ALA upon oral adminis- 
tration compared to systemic administration. The study 
showed that i.p. immunisation for two of the cow's milk 
allergens seemed to be representative for oral dosing, 
while for one allergen the types of epitopes differed ac- 
cording to administration route. 

The GI tract environment may alter the protein struc- 
ture in a way which is only poorly defined and may vary 
from protein to protein [15,18]. Linear and conform- 
ational epitopes are not equally affected by the acidic 
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and proteolytic environment in the GI tract, where both 
may have a disruptive effect on the protein structure and 
thereby on conformational epitopes whereas linear epi- 
topes are only disrupted by proteolysis. Nevertheless, 
how the environment in the GI tract may impact the 
types of epitope to which antibodies are raised depends 
on the structural properties of the given protein. BLG is 
regarded as a protein resistant to acidic pH as well as 
proteolytic cleavages in the GI tract, rendering the struc- 
ture relatively unchanged during passage through the GI 
system, allowing possible uptake of the protein in its na- 
tive form, while ALA has been shown to be very suscep- 
tible to digestion [15,18]. This correlated very well with 
our results showing the conformational epitopes of ALA 
to be more susceptible to the acidic and proteolytic en- 
vironment of the GI tract than BLG. Structural changes 
occurring as a result of the environment in the GI tract 
may generate new conformational epitopes, or expose 
new antigenic sites on proteins, so-called neo-epitopes, 
as a consequence of the release of parts of the protein 
normally buried within the core of the protein and now 
becoming accessible [47-49]. Even though the amount of 
linear and conformational epitopes were more or less 
equal for /^-casein administration by i.p. or oral route, 
formation of such neo-epitopes could be the case for 
this protein as the specific antibody response was shown 
to be greater for denatured /8-casein compared to native 
/S-casein for some of the BN rats. 

The present study shows that food allergens perform 
very differently; some having an intrinsic capacity to 
induce antibodies primarily directed against conform- 
ational epitopes, like BLG and ALA while others induce 
a larger amount of antibodies directed against linear epi- 
topes, like yS-casein. In addition, the impact on type of 
epitopes to which antibodies are directed are affected 
differently by the choice of administration route. Such 
great variation between proteins originating from the 
same food has also been demonstrated for hen's egg al- 
lergens [39,50] and wheat allergens [43]. 

Conclusions 

The present study demonstrates the important role of the 
allergen 3D structure in the development of an IgE- 
mediated response, stressing that conformational epitopes 
may have an essential role in food allergy. However, the 
relative amount of linear versus conformational epitopes 
varies remarkably between different allergens, showing the 
great variation in the allergen nature. 
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